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Studies in humans have shown that insulin secretion decreases with age independent of adiposity, distribution of fat and physical activity [3] . The reduction in insulin secretion in older human subjects has been attributed to decreasing responsiveness of the beta cell to glucose [4] ; defects of both early and late phase insulin secretion after intravenous glucose administration have been shown in the elderly [5] . In addition, there is evidence that ageing is associated with defective intra-pancreatic processing of insulin since even those older subjects with normal glucose tolerance have been shown to have greatly increased proinsulin secretion as well as proinsulin-to-insulin molar ratios [6] .
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lation is reduced as is the output of insulin per cell and the level of insulin mRNA in the islet [8] . Both qualitative and quantitative defects in glucose-mediated insulin secretion were shown in the beta cell of old rats, including abnormalities of calcium channels and cyclic AMP-dependent exocytosis [9] . It is thus clear that ageing, in animals and humans, is associated with a selective beta-cell dysfunction characterised by reduced insulin secretion in response both to glucose and to other secretogogues, predisposing to impaired glucose tolerance and diabetes mellitus.
The concept that intestinal hormones or incretins' are involved in the augmentation of insulin secretion in response to oral compared with intravenous glucose is embodied in the classical descriptions of the entero-insular' axis [10, 11] . The two major hormones of the entero-insular axis are believed to be glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1) [12] , both of which have been shown to act as incretins, exerting a synergic effect in increasing the insulin response to oral feeding in the presence of hyperglycaemia. Despite the possibility that abnormalities of the enteroinsular axis contribute to impaired insulin secretion in the elderly, there are not published data on the effect of ageing on the secretion of the insulinotropic hormone, GIP and GLP-1, either in animals or in humans.
Preliminary studies in our department suggested that there could be marked differences in postprandial GLP-1 secretion between younger and older subjects and our unpublished observations [13] . The aim of this study was to investigate the effect of ageing on the post-carbohydrate secretion of these hormones, and relate this to carbohydrate tolerance and gastric emptying. Gastric emptying was assessed by measurement of plasma paracetamol concentrations after an oral dose of paracetamol given with the carbohydrate load [14, 15] .
Subjects and methods
Study protocol. The study protocols were approved by the South West Surrey Local Research Ethics Committee. Written consent was obtained from all participants.
Subjects. Healthy young premenopausal women (n = 6) and healthy older postmenopausal women (n = 6) were recruited. All subjects were non-smokers and none was taking any medication. Subject details are shown in Table 1 .
Experimental procedures. All subjects attended for study on a single occasion after an overnight fast of 12 h, having abstained from alcohol for 24 h prior to study. Studies were carried out with the subjects seated at rest. An indwelling cannula was sited in a forearm vein and maintained patent with saline. Venous blood samples were collected via the cannula before (±15 and 0 minutes) and at 15, 30, 45, 60, 90, 120, 180, 240, 300 and 360 min after administration of 100 g carbohydrate given as 155 ml of Hycal (Smith Kline Beecham, Brentwood, Herts, UK) made up to a volume of 300 ml with water and containing 1.5 g of soluble paracetamol (Panadol, Smith Kline Beecham).
Blood samples. Blood samples were taken into heparinised tubes containing aprotinin (1000 KIU/ml blood) for paracetamol, insulin, GIP and GLP-1; into tubes containing fluoride/ oxalate for glucose; and into plain glass bottles for paracetamol measurements. Samples were centrifuged immediately at 1200 g for 5 min; plasma was separated and frozen at ±20°C in aliquots until analysis. Blood collected into plain glass bottles for paracetamol analysis was centrifuged 30 min after collection at 1200 g for 5 min, and serum was separated and stored at ±20°C until analysis.
Laboratory assays. Glucose and paracetamol were measured by enzymatic methods with an inter-assay coefficient of variance (CV) of less than 5 %. Insulin was measured in Germany (at Institut Dr Schaper, Dresden) using an Abbott IMx assay (Abbot/Diagnostika, Wiesbaden, Germany) with CV of 4.2 and 9.0 % at 50 and 500 mU/ml, respectively [19] .
The GIP assay used has been described previously [16, 17] ; synthetic human GIP was used for the preparation of the standards and iodinated tracer (purified immediately prior to use by affinity chromatography) and the antiserum was raised in rabbits against natural porcine GIP; a PEG (polyethylene glycol 6000, BDH Laboratory supplies, Poole, UK)-accelerated double antibody phase separation stage was used. The detection limit of the assay was 16 pmol/l and the inter-assay CV at 300 and 497 pmol/l were 8.6 and 8.9 %, respectively. The antiserum exhibits no cross reactivity with GLP-1 (7±36) amide, glucagon, vasoactive intestial polypeptide (VIP), somatostatin, secretin, motilin, and GIP fragments 1±11, 19±25 as well as 19±30.
The GLP-1 assay used in our assay has been described in detail previously [16, 17] ; synthetic GLP-1 (7±36) amide was used for the preparation of the standards and iodinated tracer (purified immediately before use by affinity chromatography) and the antiserum was raised in rabbits against synthetic GLP-1 (7±36)amide; a double antibody phase separation stage using a coating of donkey anti-rabbit second antibody on cellulose beads was used. The detection limit of the assay was 10 pmol/l and the inter-assay CV was 17.8 and 15.4 % at 22.6 and 64.5 pmol/l respectively. The antiserum exhibits no cross reactivity with GLP-2, glucagon, VIP, secretin, motalin, and GIP. The GLP-1 assay is directed against the C-terminal amide.
All samples were measured at the same time to minimise different assay conditions between different runs. Both our 
Results
Fasting glucose and GLP-1 concentrations were higher in the older group (Table 1 , p < 0.04 and 0.03, respectively) but mean fasting insulin and GIP concentrations were similar in the two groups. Glucose and insulin concentrations rose promptly to peak at between 30 and 60 min in both groups (Fig. 1) . They returned to near baseline values by 180 min in younger subjects and by 240 min in the older group. The integrated glucose responses showed a tendency towards higher values in the older compared with the younger group (p < 0.07) (Table 2). Insulin responses were similar in both groups.
Paracetamol integrated responses were higher in the older group (p < 0.02) although there was no difference for the first 90 min (Fig. 1) .
After carbohydrate ingestion, both GIP and GLP-1 total integrated responses were considerably higher in the older group, approximately twofold for GIP and threefold for GLP-1 (Fig. 2) . The GLP-1 and GIP responses were prompt in both groups, circulating concentrations reaching a peak at 30 and 120 min, respectively. In the younger group, GLP-1 and GIP returned to baseline by 180 and 240 min, respectively, but older subjects showed higher and sustained GLP-1 and GIP concentrations until 240 and 360 min, respectively (the second being the end of the study period).
Age showed a positive correlation with total integrated responses of glucose (r = 0.65, p < 0.02) and GLP-1 (r = 0.85, p < 0.001). 
Discussion
In our study older subjects showed only higher fasting plasma glucose concentrations but no significant difference in integrated post-carbohydrate responses; this coupled with fasting and post-carbohydrate plasma insulin concentrations being also similar in both groups indicates that the older group showed only a minimum evidence of the insulin resistance that has often been described in elderly people [1, 2] . This could, in part at least, reflect the fact that BMI was similar in both groups thus eliminating the confounding effect of obesity. The plasma concentrations achieved following oral paracetamol treatment depends on the rate of gastric emptying, rate of absorption and clearance of paracetamol from the circulation. Paracetamol is rapidly absorbed from the small intestine [14, 15] and previous studies have shown no change in paracetamol absorption with ageing [15] ; paracetamol responses in our study were similar for the first 90 min after oral ingestion and do not provide any support for rapid gastric emptying (plasma glucose and insulin responses at this time were also not increased; exaggerated glucose, insulin and paracetamol responses would be expected with a rapid entry of nutrients and paracetamol) [18, 19] . There was a higher paracetamol integrated response overall and mainly after 90 min in the older group; however, significant impairment in paracetamol metabolism post-absorption has been shown in the elderly [20, 21] and could have accounted for this difference.
The striking findings in our study are the considerably higher GIP and GLP-1 responses following carbohydrate ingestion in the older subjects. There are a number of possible explanations for these findings. More rapid gastric emptying and consequent rapid entry of nutrients into upper jejunum would be expected to result in patterns of both GIP and GLP-1 secretion similar to those observed but there was no supporting evidence for this in terms of glucose, insulin and paracetamol responses [18, 19] . Primary idiopathy overproduction of GIP and GLP-1 from their cells of origin is possible but seems unlikely. In the circulation, GIP and GLP-1, are rapidly inactivated by dipeptidyl peptidases and carboxy-peptidases [22, 23] . Impairment of these and other (including renal) processes involved in clearance of these hormones from the circulation in the elderly could, in theory, lead to high concentrations of GIP and GLP-1; inappropriate accumulation of these hormones by this mechanism should lead, however, to lower glucose and higher insulin responses which we did not observe. The only forms of GLP-1 and GIP that are biologically active are GLP-1 (7±36 amide) and GIP (1±42) [12, 22] ; enzymatic degradation in the circulation by peptidases converts these active hormones to inactive peptides GLP-1 (9±36 amide) or GIP (3±42) [12, 22] . Current immunoassays cannot reliably differentiate GLP-1 (7±36 amide) from GLP-1 (9±36 amide) or GIP (1±42) from GIP (3±24) [12, 24] which could partly explain the findings in this study.
Previous studies have showed that insulin secretion is impaired with ageing [3, 4, 5] and that this could be due to failure of stimulus-secretion coupling [7, 9] . This pathway of cyclic AMP-mediated insulin secretion has been shown to be impaired with ageing [9] . Since stimulation of the GLP-1 receptor results in the activation of the cyclic AMP pathway [12, 25] , impairment of this second messenger system could lead to resistance to GLP-1 at the level of the betacell resulting in exaggerated release of GLP-1. Little is known about the regulation of receptors for GIP on islet cells but a similar mechanism cannot be excluded: the beta-cell has certainly been shown to be resistant to GIP in Type II diabetes [26] .
Our study compared younger premenopausal with older postmenopausal subjects. It is possible that the differences between the two groups reflect differences in oestrogen status; evidence from studies on glucose and insulin metabolism in postmenopausal women however, do not lend support to this view. Insulin and glucose concentrations, both in the fasting state and in response to intravenous glucose have been found to be similar in premenopausal and postmenopausal women [27] . Previous studies on the effect of oestrogen therapy in postmenopausal women on glucose and insulin responses following oral glucose treatment either found no change [28] or a deterioration of glucose tolerance [29] . Hyperinsulinaemic euglycaemic clamp studies in postmenopausal women before and after oestrogen replacement therapy have also shown no difference [28] .
The age of subjects fell into two groups and did not encompass the full range from 18 to 85 years; despite this, differences between the two groups are more likely to be due to age than the menopausal status. The strong correlation between age and GLP-1 seen in our study lends some support to this view but further studies are required to differentiate these two possibilities. The physiological importance of the augmented GIP and GLP-1 responses to carbohydrate described here remains to be clarified. If, as seems likely, it is a reflection of impaired beta-cell response to secretogogues, this study supports the existence of a negative feedback between incretin and insulin secretion, providing further evidence for the importance of the entero-insular axis in the regulation of insulin secretion.
